Abstract Isolated adult mouse cardiomyocytes are an important tool in cardiovascular research, but are challenging to prepare. Because the energy supply determines cell function and viability, we compared total creatine ([Cr]) and [ATP] in isolated cardiomyocytes with the intact mouse heart. Isolated myocytes suffered severe losses of Cr (-70%) and ATP (-53%). Myocytes were not able to replete [Cr] during a 5 h incubation period in medium supplemented with 1 mM Cr. In contrast, adding 20 mM Cr to the digestion buffers was sufficient to maintain normal [Cr]. Supplementing buffers with 5 mM of inosine (Ino) and adenosine (Ado) to prevent loss of cellular nucleosides partially protected against loss of ATP. To test whether maintaining [ATP] and [Cr] improves contractile function, myocytes were challenged by varying pacing rate from 0.5 to 10 Hz and by adding isoproterenol (Iso) at 5 and 10 Hz. All groups performed well up to 5 Hz, showing a positive cell shortening-frequency relationship; however, only 16% of myocytes isolated under standard conditions were able to sustain pacing with Iso challenge at 10 Hz. In contrast, 30-50% of the myocytes with normal Cr levels were able to contract and maintain low diastolic [Ca 2? ]. Cell yield also improved in Cr and the Cr/Ino/Ado-treated groups (85-90% vs. 70-75% rod shaped in untreated myocytes). These data suggest that viability and performance of isolated myocytes are improved when they are protected from the severe loss of Cr and ATP during the isolation, making them an even better research tool.
Introduction
The isolated adult ventricular mouse cardiomyocyte is an important research tool in molecular and cellular cardiology. In contrast to the isolation of rat cardiomyocytes, which reliably yields high cell counts and high percentages of viable myocytes that can be maintained in culture for up to 5 days [1] , healthy mouse cardiomyocytes are difficult to isolate and can be maintained in culture for only up to 36-48 h. There are several reports on methods for isolating adult mouse cardiomyocytes [2] [3] [4] but it remains difficult to reliably isolate high yields and high percentages of viable cardiomyocytes capable of contracting at high pacing rates and surviving b-adrenergic stimulation.
In this study we tested the hypothesis that the difficulties associated with the isolation and maintenance of adult mouse cardiomyocytes are caused in part by depletion of creatine (Cr) and ATP during the isolation procedure. In the intact heart, the energy supply is a determining factor both for functional recovery from transient ischemia and for long-term survival [5, 6] . It is also well known that the contraction of cardiomyocytes is dependent on the regulation of ion homeostasis [7] . In cardiomyocytes maintenance of low diastolic [Ca 2? ] is dependent on the proper function of the sarcoplasmic reticulum calcium ATPase (SERCA) and the ATP-dependent plasma membrane calcium transporter [8, 9] . ATP is required for the functioning of these ATPases, and the Cr/phosphocreatine (PCr) energy reserve system of the heart [10] functions in part to maintain a constant [ATP] in the vicinity of these ATPases [11] .
Using conditions commonly used to isolate mouse myocytes, we found severe reductions in the Cr and ATP contents of mouse cardiomyocytes. We therefore set out to improve the buffer system used for the enzymatic digestion of myocardium with the goal of preventing the loss of Cr and ATP. We then tested whether this strategy improved the contractile performance of freshly isolated mouse cardiomyocytes. Here we report a strategy that protects the cells from loss of Cr and ATP and yields a larger fraction of viable cells that maintain low diastolic [Ca 2? ] and have greater contractile reserve.
Materials and Methods

Isolation of Adult Mouse Cardiomyocytes
Cardiac myocytes were isolated from 6 to 8 week-old C57BL6 mice, following Lim et al. [12] with some modifications. In brief, mice were injected with heparin (200 USP units i.p.) and, after cervical dislocation, the heart was quickly excised and arrested in ice-cold Ca 2? -Tyrode solution. Hearts were perfused in the Langendorff mode on a gravity flow system at 35-37°C. All solutions used were sterile-filtered using 0.22 lm filters. First, hearts were perfused with a Ca 2? -Tyrode solution aerated with 100% O 2 (in mM: 137 NaCl, 5.4 KCl, 1.8 CaCl 2 , 0.5 MgCl 2 , 10 HEPES, 10 glucose, pH 7.4) to free the coronaries of blood. After 5 min hearts were perfused with Ca 2? -free Tyrode solution (in mM: 135 NaCl, 4 KCl, 1 MgCl 2 , 10 HEPES, 0.33 NaH 2 PO 4 , 10 BDM, 10 glucose, pH 7.2) for not longer than 4 min. Subsequently, hearts were digested by collagenase B (0.6 mg/ml, ROCHE), collagenase D (0.3 mg/ml, ROCHE), and protease XIV (0.08 mg/ml, SIGMA) dissolved in Ca 2? -free Tyrode until either the coronary flow rate doubled or a sudden increase in flow rate occurred, indicating effective tissue digestion. Liberase Blendzyme 4 (Roche) instead of collagenases B and D yielded similar results (data not shown).
In our hands, maintaining the perfusion temperature at 35-37°C was crucial for high quality preparations. This was accomplished using a re-circulating water bath to warm perfusion buffers and a lamp to warm the excised heart. In preparations where the perfusion temperature dropped below 34°C levels (due to low coronary flow), the heart turned pale, and these preparations had low cell yields and low cell viability.
Hearts were digested on average for 3-4 min. Then the collagenase solution was flushed from the tissue with Ca 2? -free Tyrode solution, the heart was cut away from the perfusion set up, the pericardial sac was pulled away and the tissue was gently pulled apart. High quality cell preparations were marked by myocytes that easily floated away from tissue with very little mechanical separation of the heart tissue. Cells were filtered through a nylon mesh and allowed to settle by gravity for 5 min. [Ca 2? ] in the buffer was increased stepwise, from 0.6 lM, 0.2 mM, 0.6 mM to 1.2 mM, by suspending the cell pellet in modified KrebsHenseleit buffer (in mM: 0.5 EDTA, 5.1 KCl, 0.6 MgSO 4 , 118 NaCl, 1.2 KH 2 PO 4 , 10 glucose, 1 NaHCO 3 , 10 HEPES, 2 mg/ml BSA Fraction V, Sigma). Cells were always allowed to settle by gravity.
All supplements (final concentrations: 1 and 20 mM Cr, 5 mM inosine (Ino) and 5 mM adenosine (Ado), Sigma) were added to Ca The relative number of rod shaped and rounded cells were determined by transferring 2 ml of cell suspension to a 35 mm culture dish and counting three fields of view at 109 magnification. This method was preferred over using a hemocytometer, because in our hands, the cardiomyocytes did not easily distribute into the counting area of the hemocytometer due to their size and shape. Cells were either used fresh or incubated for up to 5 h in Dulbecco's modified Eagles medium (DMEM, Sigma) in a 37°C 95%/ 5% O 2 /CO 2 incubator supplemented with and without 1 mM Cr.
Biochemical Measurements
Total Cr content was determined according to [13] , creatine kinase (CK) activity according to [14] , citrate synthase according to [15] . Cr and enzyme activities were normalized to protein determined according to Lowry et al. [16] . CK isoenzyme distribution was determined with an automated electrophoresis system (CardioRep, Helena Laboratories, Beaumont, TX transients were measured in Fura 2-AM-loaded myocytes (1 mM, 15 min at room temperature in the dark, followed by three washes in perfusion buffer) using a dual excitation Hyperswitch (IonOptix Corp.) that allows for rapid (up to 250 ratio measurements per second) switching between excitation wavelengths of 340 and 380 nm. Emission was captured at 510 nm by a photomultiplier tube. Background fluorescence was recorded at four points adjacent to the myocyte. Using Ionwizard software (IonOptix, Corp.), both steady-state twitches and intracellular transients were averaged (*10 traces) and common kinetic and amplitude parameters determined [17] .
Statistics
Data are presented as means ± SE. Biochemical comparisons between untreated and treated groups of cells were made with one-factor ANOVA; functional comparisons between groups were made using two-way ANOVA with repeated measures and Bonferroni posthoc analysis. P \ 0.05 was considered significant.
Results
Freshly Prepared Mouse Cardiomyocytes Lost Low Molecular Metabolites but not Macromolecules
The Cr content ([Cr]) of cardiomyocytes freshly isolated using the standard isolation protocol was only *27% of values found for intact hearts as reported from this laboratory for normal isolated Langendorff perfused mouse hearts [18] and as reported by Weiss and colleagues [19] for normal mouse hearts in vivo (Table 1 ; Fig. 2 ).
To determine whether the standard isolation procedure also led to loss of ATP from cardiomyocytes, we measured the ATP content ([ATP]) in freshly isolated cardiomyocytes. ATP content was 13.3 ± 2.4 nmol/mg protein, which is only 44% of the ATP content known to be present in adult mouse heart tissue [20] (Fig. 3) .
In contrast to these large changes in total [Cr] and [ATP], enzyme markers of mitochondria and the cytosol were within 70-75% of values for whole heart tissue ( Table 1) . This includes the sarcomeric mitochondrial CK, which functions as a channel to transfer the phosphoryl group from ATP made by oxidative phosphorylation to Cr in the inner-membrane space, the citric acid cycle enzyme citrate synthase and the major cytosolic CK isozyme, CK-MM. The relatively moderate decreases in these enzyme activities can be accounted for by the presence of Table 1 Cr content and mitochondrial and cytosolic enzyme activities of isolated heart tissue, freshly isolated cardiomyocytes using control conditions and short-term culture of myocytes in the presence and absence of Cr (1 mM Cr creatine, CK creatine kinase, sMtCK sarcomeric mitochondrial CK, CK-MM main cytosolic CK isozyme, CS citrate synthase. Mean ± SE, n = 5 for freshly isolated myocytes and n = 9 for cultured myocytes without Cr (-Cr) and with 1 mM Cr. Data for intact heart are from [34] non-viable cells and cell fragments; the percentage of cells that were viable and contained rod-like sarcomeres was 70-75%. It is well known that in myocardial ischemia, loss of ATP occurs as a result of loss of purine nucleosides secondary to increased ATP demand relative to supply. To test whether loss of ATP in mouse cardiomyocytes could be blunted by reducing the outward concentration gradient for diffusible purines during the isolation procedure, we supplemented the Ca 2? -free Tyrode solution and the collagenase solution with 5 mM Ino and 5 mM Ado. Ado and Ino were chosen since they are the major purine nucleobases formed in the classic pathway for ATP degradation in the heart (Fig. 1) . The concentrations of 5 mM were chosen based on the fact that about half of the ATP pool (10 mM) was lost. Supplementation with nucleosides led to a significant improvement in ATP content, from 44 to 74% of the normal ATP content in intact cardiac tissue (Fig. 3) . Supplementing the isolation buffers with Cr (Cr 1, Cr 20) and thereby raising the Cr content in myocytes (Fig. 2b) did not affect ATP content (Fig. 3) .
Functional Consequences of Preserving Cr and ATP
The Cr/CK system is the major energy reserve system of the heart, allowing the cardiomyocyte to survive transient stresses such as acute O 2 deprivation as occurs during cardiomyocyte preparation [22] . We tested whether the loss of Cr may be one reason for the low viability of freshly isolated mouse cardiomyocytes. Cell viability was higher for cells isolated using buffers containing supplemental Cr (*90% in Cr 20 and Cr/Ino/Ado groups) than for cells isolated with no Cr (70-75% in control and Ino/Ado groups).
Because the Cr/CK system has been shown to be important in tolerating acute increases in work [23] , we then tested whether myocytes with better-preserved Cr levels could sustain being paced at rates approximating normal in vivo heart rates (600 bpm) and to being stimulated with b-adrenergic agents. Myocytes were paced stepwise from 0.5 up to 10 Hz. At 5 and 10 Hz myocytes were additionally challenged with Iso. This approach approximates measuring contractile reserve in the intact heart. Myocytes from all groups responded to a stepwise increase in pacing frequency with a progressive increase in cell shortening. There were no differences in contractile function among the groups at low pacing rates of 0.5, 1, 2, and even 5 Hz. However, only 16% of control myocytes prepared with standard solutions and 0% of the Ino/Ado-treated cells (Fig. 4b) were able to sustain pacing rates of 10 Hz in the presence of Iso. In contrast, 30% of the Cr 20 and 50% of the Cr/Ino/Ado-treated cells could be paced at 10 Hz in the presence of Iso. Myocytes that were included for data analysis at 10 Hz ? Iso properly Fig. 1 Diagram showing the degradation of ATP illustrating the loss of nucleosides and creatine. The phosphocreatine (PCr) and creatine (Cr) system is the major energetic reserve system of the heart. When the increased utilization of ATP leads to the hydrolysis of PCr to Cr, the uncharged Cr accumulates and may be lost from the myocyte following its concentration gradient. Without adequate ATP replenishment via oxidative phosphorylation and via the creatine kinase (CK) reaction, ATP may be resupplied via the adenylate kinase (AK) reaction: 2ADP ? 1ATP ? 1AMP. This increase in AMP activates AMP-dependent 5 0 -nucleotidase (5 0 -NT) that leads to the conversion of AMP to Ado. The uncharged Ado is rapidly converted to Ino, and both Ado and Ino can cross the plasma membrane following their concentration gradients. A similar mechanism converts IMP to Ino (for detailed description see [18] ). The two red blocks indicate where supplementation of the isolation buffers inhibits the loss of Cr and the loss of nucleosides responded to pacing at that frequency and did not show any extraneous contractions or hyper contractions. To test whether the improved performance of Cr 20 and Cr/Ino/ Ado-treated cells is based on changes in the Ca 2? transient, cells were loaded with Fura-2 and subjected to the same protocol used to assess contractile function. Figure 5 shows that Cr supplementation is sufficient to maintain low Ca 2? transient amplitude. In addition, maximum rates of the cytosolic Ca 2? transient rise and decline were lower than for cells in the other groups.
Resting sarcomere length was significantly increased only in Cr 20 treated cells (Table 2) . Diastolic myocyte length during pacing at 0.5 Hz showed a trend towards an increase in all supplemented groups, but the differences did not reach significance (Table 2 ). This suggests that maintaining near normal ATP and Cr pools likely has no effect on the actomyosin cross-bridge. Instead, taken together with the data for the Ca 2? transient, maintaining near normal ATP and Cr likely contributes to normal Ca 2? regulation in the cells.
Discussion
Here we describe an isolation procedure for adult mouse cardiomyocytes that protects against loss of Cr and ATP from the cell. Physiological consequences of maintaining higher Cr and ATP levels in isolated myocytes include: (1) improved viability, (2) ability to maintain a low diastolic Ca 2? , and (3) ability to sustain high pacing rates in the presence of b-adrenergic challenge.
On Cr
Our results show that the transient ischemia that occurs during mouse cardiomyocyte isolation leads to net Cr loss from the cells and that supplying high concentrations of Cr to the digestion buffers during the isolation procedure preserved normal [Cr] . Cr, an uncharged low molecular weight b-amino acid, is not synthesized in myocytes but is transported across the sarcolemma by a saturable Cr transporter (CrT). The amount of CrT on the plasma membrane is regulated in two ways. First, it is regulated by the plasma [Cr], with less CrT protein on the membrane when plasma [Cr] is high and vice versa [24] . Second, trafficking of CrT to the plasma membrane is mediated by serum and glucocorticoid-inducible kinase and is regulated by stress, insulin, growth factors and mTOR [25] . Our observations all suggest that the CrT was functionally damaged by cell isolation using standard Cr-free solutions. First, the observation that supplying Cr to cells cultured for 5 h did not increase intracellular [Cr] suggests not only that the CrT was functionally damaged but that the stresses of isolation and culturing did not, as might be expected, lead to repletion of CrT on the plasma membrane. Second, supplying concentrations of Cr approximating plasma Fig. 2 a Cr content of isolated mouse cardiomyocytes during incubation in culture medium with and without 1 mM Cr for up to 5 h. The arrow indicates the value for isolated perfused heart tissue (from [34] ). Over the time frame of this experiment isolated cardiomyocytes were unable to increase their intracellular Cr. Means ± SE from three independent experiments. b Cr content of isolated cardiomyocytes from un-supplemented isolation buffers, and buffers supplemented with Cr 1 and Cr 20. Addition of 20 mM Cr is sufficient to maintain normal Cr levels (arrow indicates value for isolated perfused heart tissue (from [34] )). Means ± SE from 5 to 7 independent myocyte preparations. *P \ 0.001 versus without Cr and 1 mM Cr, one-way ANOVA The number of cells that tolerated the entire pacing protocol and were analyzed is shown in the bars. b Preservation of ATP and Cr pools leads to improved stress endurance. Shown are the % of cells that could be paced at 10 Hz and able to sustain inotropic challenge. 50% of the cells in the Cr/Ino/Ado and 30% in the Cr 20 could be paced at 10 Hz and are able to sustain additional inotropic challenge. Only 16% of the control group and none of the Ino/Ado group were able to sustain this challenge transient rise, and d -dRatio/dt, measures the maximum rate of the Ca 2? transient decline. Means ± SE of 2-4 independent myocyte preparations per condition, from which 4-6 myocytes per condition were analyzed. *P \ 0.01 two-way ANOVA levels (1 mM) to the digestion buffers did not lead to preserved [Cr] . Instead, high concentrations were needed to maintain normal [Cr] . The opposite was expected: more CrT should be on the membrane when extracellular Cr is low. Finally, the observation that CK activity and isozyme distribution were preserved even in control myocytes rules out the possibility that loss of Cr occurred because PCr, the chemical trap of Cr, was not made. Taken together, these results are consistent with a simple mass action effect where supplying high concentrations of extracellular Cr diminishes an outward Cr diffusion gradient transiently created during the digestion procedure.
On Consequences of Maintaining Normal Cr in Isolated Adult Cardiomyocytes
Here we present evidence that the preservation of Cr levels in cardiomyocytes not only increases the fraction of cells that are viable but also enhances the fraction of cells able to increase contractile performance due to increased pacing rates and inotropic stimulation. Supplementation of digestion buffers with Cr increased cell viability to 90% compared to 70-75% in cell preparations isolated without Cr. Importantly, 30-50% of cells isolated in the presence of Cr were able to sustain pacing rates of 10 Hz in the presence of Iso whereas only a few Cr-depleted cells (16% of control cells and 0% of Ino/Ado supplemented cells) could be paced at 10 Hz with inotropic challenge. While the improvements in cell viability and contractile reserve are substantial, they are not complete, suggesting that additional manipulations of the isolation procedure are required to further improve the quality of adult mouse cardiomyocyte preparations.
The capacity of the CK system can be estimated by the product of CK activity (V max ) and [Cr] . Thus, the loss of 75% of Cr with near normal CK activity leads to a decrease in energy reserve via CK of *75%. Our results suggest that loss of energy reserve via the Cr/CK system contributes to loss of contractile reserve of isolated adult mouse cardiomyocytes as it does in intact hearts [7, 26] . Loss of contractile reserve may be one of the reasons why most published protocols use non-physiologic slow pacing rates in isolated cardiomyocyte experiments. Several mechanisms may contribute to the loss of contractile reserve in standard myocyte preparations. It is known that CK functions as a energy circuit linking mitochondrial ATP production and sites of ATP utilization such as K ATP channels and SERCA [27] and also facilitates phosphoryl transfer in the vicinity of these ATPases [11] . Importantly, the Ca 2? transient results presented here also suggest that maintaining normal CK phosphotransfer capacity contributes to maintaining low diastolic [Ca 2? ].
On Purine Supply
It is well known that during conditions of energy supply imbalance in cardiomyocytes, ATP is degraded as shown in Fig. 1 . During the isolation procedure for cardiomyocytes, ATP synthesis falls below ATP demand, leading to increases in ADP and AMP concentrations, which in turn activates 5 0 -nucleotidase (5 0 -NT, [28] ), leading to Ado and Ino formation. These nucleosides cross the plasma membrane following their concentration gradients, leading to loss of the entire purine pool. Increasing the extracellular concentration of Ino and Ado during the isolation procedure diminishes these concentration gradients, slowing the degradation of AMP and thus protecting the ATP pool. Unlike the nearly complete protection of the Cr pool observed for cells supplied with Cr, however, supplying Ado and Ino did not fully protect against loss of ATP. This may be due to the loss of functional endothelial cells during isolation. Purine metabolism in the heart in complex, and requires intact endothelial cells as well as intact myocytes. Thus, as the endothelial cells are destroyed during the isolation procedure, any salutary effect of Ado and Ino on purine metabolism would diminish and limit preservation of the ATP pool.
Ado and Ino may function in other ways as well. The role of Ado in preconditioning the heart is well known [29] . Part of the protective effect of Ado observed here may also include Ado receptor stimulation which via the activation of protein kinase C leads to mitochondrial K ATP channel opening and thus decreased ATP utilization [18, 30, 31] . Although Ino, the major nucleoside that accumulates in the Sarcomere and diastolic cell length were determined in separate cell cohorts. Cells from three different preparations except for Ado/Ino group with two preparations (Cr, Ado, and Ino). Means ± SE, *P \ 0.01, one-way ANOVA ischemic heart, is not metabolized to IMP in the myocyte, supplying Ino has been shown to delay the loss of ATP during hypoxic insult [18] and ischemic myocardium [32] and to augment the rate of glycolysis in ischemic rabbit myocardium [32] .
On a Positive Staircase
There have been only few reports in the literature showing the cell shortening-frequency relationships of isolated mouse cardiomyocytes [3, 12, 33] . Wolska et al. report a negative relationship up to 2 Hz, the maximum frequency used. Lim et al. [12] and Tiemann et al. [33] compared different age groups of mice and found a negative relationship at low frequencies up to 2 Hz as well. However, above 2 Hz both papers show a positive relationship. In contrast to these reports, we have found a positive cell length-frequency relationship in myocytes paced between 0.5 and 5 Hz, which was further augmented by additional b-adrenergic stimulation. In summary, while we have not yet provided a perfect method to isolate adult mouse cardiomyocytes, the supplementation method described here substantially improves the yield, viability and performance of mouse cardiomyocytes.
